To investigate the mechanism for N-H bond activation by a transition metal, the reactions of Co+(3F,5F) with NH3 have been studied with complete active space self-consistent field (CASSCF), multireference configuration interaction (MR-SDCI), and multireference many body perturbation theory (MRMP) wave functions, using both effective core potential and all-electron methods. Upon their initial approach, the reactants yield an ion-molecule complex, CoNH+3(3E,5A2,5A1), with retention of C3ν symmetry. The Co+=NH3 binding energies are estimated to be 49 (triplet) and 45 (quintet) kcal/mol. Subsequently, the N-H bond is activated, leading to an intermediate complex H-Co-NH+2 (C2ν symmetry), through a threecenter transition state with an energy barrier of 56-60 (triplet) and 70-73 (quintet) kcal/mol. The energy of H-Co-NH+2, relative to that of CoNH+3, is estimated to be 60 to 61 (triplet) and 44 (quintet) kcal/mol. However, the highest levels of theory employed here (including dynamic correlation corrections) suggest that the triplet intermediate HCoNH+2 may not exist as a minimum on the potential energy surface. Following Co-N or H-Co bond cleavage, the complexH-Co-NH+2 leads to HCo++NH2 or H+CoNH+2. Both channels (triplet and quintet) are found to be endothermic by 54-64 kcal/mol. Theoretical study of the water activation by a cobalt cation: Ab initio multireference theory versus density functional theory
I. INTRODUCTION
The considerable recent interest in studies of the reactions of transition metal atoms and ions with molecular species in the gas phase is attributable to ͑a͒ the baseline understanding that one obtains due to the absence of solvents, strong intermolecular interactions, and crystal forces and ͑b͒ the fact that gas phase thermodynamic, kinetic, and dynamic ͑e.g., branching ratio͒ data provide essential insights into the catalytic activity of metal and metal ion clusters. There is a growing body of experimental information regarding the interactions of small neutral 1 and cationic [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] clusters of transition metals with compounds containing prototypical bonds ͑e.g., C-H, C-C, N-H, O-H, Si-H, Si-C͒ of importance in catalytic processes. Transition metal-main group complexes have been the focus of intense computational effort. 17, 21, Cundari and Gordon 43 have characterized MvC, MvSi, MvN, and MvP bonds (Mvtransition metal) using the MCSCF/LMO/CI ͑multiconfiguration self-consistent field/ localized molecular orbital/configuration interaction͒ analysis developed by Ruedenberg and co-workers, 54 showing that the description of these bonds is more complex than a single resonance structure. Armentrout, Goddard, and co-workers 17 reported the sequential bond energies of Co͑CH 4 ͒ n ϩ (n ϭ 1 -4), determined experimentally ͑with a guided ion beam tandem mass spectrometer͒ and theoretically ͓with the modified coupled pair functional ͑MCPF͒ method 55 ͔, and showed that these results are in excellent agreement with each other. Accurate theoretical calculations and experimental studies of gas phase reactions will provide important fundamental insights into the mechanisms of the bond activation processes, and provide us with the opportunity to examine the effects of various ligands on the catalytic activity of the transition metals.
There have only been a few detailed studies of potential energy surfaces ͑PES's͒ of reactions of transition metal atoms 56, 57 and ions [58] [59] [60] [61] [62] [63] with alkanes and other prototypical species. Blomberg and co-workers 56 performed complete active space self-consistent field ͑CASSCF͒ plus CI calculations on the reactions of Fe, Co, Ni, Rh, and Pd with CH 4 and C 2 H 6 , and concluded that the second row transition metals have higher barriers to insertion than do their first row analogs. Gordon and co-workers 60 have examined the PES's for reaction of Co ϩ with CH 4 , while Morokuma et al. 61 have performed the analogous calculations for Rh In this paper, we study the reaction mechanism of Co ϩ ϩNH 3 , as a prototype for N-H bond activation by transition metal ions. For this reaction, Clemmer and Armentrout 2 proposed the following mechanism based on experimental analyses using guided ion beam mass spectrometry. First, Co ϩ and NH 3 form an ion-dipole complex with no activation energy barrier 
͑2͒
With bond cleavage of either Co-N or H-Co, the complex HCoNH 2 ϩ dissociates into two fragments To analyze the proposed mechanism, the electronic and molecular structures of the various compounds implicated in the mechanism, as well as the associated reaction paths have been determined using the complete active space ͑CASSCF͒ multiconfigurational self-consistent field method. 64 Quantitative investigations of the energetics were performed by starting with the CASSCF wave functions and then adding dynamic correlation corrections via the multireference singles and doubles configuration interaction ͑MR-SDCI͒ 65 3 ͒ involved in reactions ͑1͒-͑4͒ were determined for appropriate space-and spinsymmetry states, using the GAMESS program. 68 In these calculations, the effective core potentials ͑ECP͒ developed by Stevens et al. ͑SKBJ͒ 69 were employed, such that 10 electrons of Co ͑1s, 2s, and 2 p͒ and 2 electrons of N (1s) are replaced with effective potentials. The basis sets 69 used with the ECP's are (8s8p6d/4s4p3d) for Co, (4s4p/2s2p) for N, and (4s/2s) for H. Normal mode analyses were performed by finite differencing analytic gradients for each compound at stationary points in the lowest state of each spin symmetry to identify these structures as minima or saddle points on the respective potential energy surface ͑PES͒. The CASSCF normal mode frequencies were used to obtain the zero-point vibrational energies ͑ZPE͒ for these compounds. To verify the continuity of reactant, TS, and product for reaction ͑2͒, the intrinsic reaction coordinate ͑IRC͒ 70 was calculated using the second order GonzalezSchlegel algorithm 71 with a step size of 0.3 bohr amu 1/2 . Figure 1 shows the coordinate axes used to define the reaction system ͑Co ϩ ϩNH 3 , HCoNH 2 ϩ , and CoNH 2 ϩ ͒ in which N-H 1 is taken to be the activated N-H bond. Throughout the mechanism, C s symmetry is conserved ͑with the yz plane defined as the symmetry plane͒. The CASSCF active spaces employed for geometry optimizations are summarized in Table I . The notation (m/n) denotes m electrons and n orbitals in the active space. For Co ϩ , an ͑8/6͒ active space was used, in which all ͑4s and 3d͒ valence electrons and orbitals were included. Similarly, all valence electrons and orbitals were included in the NH 2 and CoH ϩ active spaces. For the ion-dipole complex, CoNH 3 ϩ , the valence electrons and orbitals of Co plus the p z orbital of N were included ͓͑10/7͔͒, where the orbital pair (N-p z , Co-4s) corresponds to the ͑Co-N͒ and *͑Co-N͒ orbitals. For CoNH 2 ϩ , the valence orbitals of Co and the p y and p z orbitals of N were included in the ͑11/8͒ active space. In this active space, the orbital pair (N-p y , Co-d yz ) corresponds to the ͑Co-N͒ and *͑Co-N͒ orbitals. For HCoNH 2 ϩ and the transition state ͑TS͒ of reaction ͑2͒, the p y (N), p z (N), and s(H 1 ) orbitals were included in addition to the valence orbitals of Co to give a ͑12/9͒ active space. In HCoNH 2 ϩ , the orbital pair (N-p y , Co-d yz ) corresponds to ͑Co-N͒ and *͑Co-N͒, while the pair (Co-4s, H 1 Ϫs) corresponds to (Co-H 1 ) and *(Co-H 1 ). In the TS, N-p y , H 1 Ϫs, and Co-(4s,d yz ) correspond to ͑three-center͒ bonding, nonbonding, and antibonding molecular orbitals over N, H 1 , and Co. These active spaces were determined based on some preliminary calculations, so as to keep the respective active orbitals consistent among different spin and space symmetries. The IRC calculation for reaction ͑2͒ was performed using the TS ͑12/9͒ active space. Note that this ͑12/9͒ active space introduces a symmetry imbalance for the reactant, CoNH 3 ϩ , since H 1 is treated differently from H 2 and H 3 .
To obtain reliable energetics, dynamic correlation corrections were included via MR-SDCI ͑contracted multireference CI including single and double excitations from the CASSCF wave function͒ calculations using the MOLPRO package. 65 In these MR-SDCI calculations, p and d polarization functions were added to the basis sets of H (␣ p ϭ1.0) 72 and N (␣ d ϭ0.8), 72 respectively, and f polarization functions (␣ f ϭ1.5) 30 and diffuse d functions (␣ d ϭ0.1219) 73 were added to the Co basis set. This will be referred to as the ''ECP basis''. Additional calculations were performed at the ECP geometries using an all electron basis set ͑referred to as the ''AE basis''͒, i.e., Co: (14s9 p5d/8s5 p3d) 74 ϩf (␣ϭ1.5)ϩd(␣ϭ0.1219), N: (11s6p3d/5s4p3d), H: (6s3p/4s3p) ͑Dunning's aug-ccpVTZ͒. 75 An alternative method for incorporating dynamic correlation is to add many-body perturbation theory corrections to the CASSCF reference function. This multireference perturbation method ͑MRMP͒, as formulated by Hirao and Nakano, 66, 67 was also used to investigate the potential energy surface, with the AE basis sets, using the GAMESS program. In the GAMESS calculations, sets of 6d orbitals ͑Cartesian representation͒ have been used, while 5d orbitals were used with MOLPRO. The dissociation energies for Co ϩ vNH 3 , HCo ϩ -NH 2 , and H-CoNH 2 ϩ were calculated as energy differences between the corresponding equilibrium structures and dissociated ''supermolecules'' at an interfragment distance of 500 Å. The active spaces employed for these supermolecules were ͑10/7͒, ͑12/9͒, and ͑12/9͒, respectively. The relative energies of reactant, TS, and product of reaction ͑2͒ were estimated using the ͑12/9͒ active space.
III. RESULTS AND DISCUSSION

A. Geometric and electronic structures
The experimental 76 Figure 2 shows the energy level diagrams ͑at the triplet and quintet A 2 equilibrium structures͒ corresponding to these seven low-lying triplet and quintet states, calculated by the state-averaged ͑SA͒ CASSCF method, using the ECP basis with no polarization or diffuse functions. In the state averaging the seven lowest triplet and quintet states are equally weighted. The energy difference between the lowest A 1 and A 2 states is only 0.008 and 0.003 kcal/mol for the triplet and quintet, respectively. The lowest 3 E and 5 E states lie 6.2 and 3.9 kcal/mol higher than the respective ground states. To examine the basis set effects on the energy levels of these seven nearly degenerate states, we also performed the SA-CASSCF calculations with the AE basis set for the respective triplet and quintet; the results are quantatively the same as the ECP results.
Stationary points for the lowest 3 E, and 5 E states were determined using state-specific CASSCF calculations. The ͑10/7͒ active space natural orbital occupation numbers ͑NOON͒ for these states are 
The notation (m/n) denotes m electrons and n orbitals in the active space.
c Transition state of reaction ͑2͒.
FIG. 2.
Energy levels of the low-lying seven nearly-degenerate states for the respective triplet and quintet CoNH 3 ϩ calculated by the SA-CASSCF method ͑with the ECP-basis sets including no polarization and no diffuse functions͒ at the respective ͑triplet and quintet͒ equilibrium structure of the ground A 2 state.
where each natural molecular orbital except for Np z is represented by its dominant Co atomic orbitals. The electronic structures of the 3 E and 5 E states were each obtained by averaging over the two degenerate E states. These fractional occupancies emphasize the importance of treating this molecular system with multiconfigurational wave functions. The net ͑Mulliken͒ CASSCF charges on Co are 0. 74 To examine the validity of the state-averaged wave functions MR-SDCI and MRMP calculations were performed based on state-specific CASSCF wave functions for the same six electronic states at the respective equilibrium geometries, with the ECP and AE basis sets including polarization and diffuse functions. 3 AЉ state. The reaction is endothermic, so the path on the product side is long and shallow. The energy profile on the product side exhibits an apparent discontinuity around sϳ2.5 bohr amu 1/2 . This region was examined further by calculating the energy of the lowest 3 AЉ excited state along the product side of the IRC by two methods: ͑a͒ using state-specific CASSCF for the ground state and ͑b͒ with a state-averaged CASSCF using equal weights for the ground and excited states. Figure 4͑b͒ shows the results of these calculations. Solid-line curves with circles correspond to state-specific CASSCF results, while dashed-line curves with triangles correspond to stateaveraged CASSCF results. It is clear from this figure that there is an avoided crossing of the two 3 AЉ states in this region. The crossing is located in the region sϳ1.2 and 2.4 bohr amu 1/2 in the state-averaged CASSCF IRC and the state-specific CASSCF IRC profiles, respectively. The energy of the lowest state-averaged CASSCF 3 AЉ state becomes lower than the lowest state specific 3 AЉ around sϳ2.4 bohr amu 1/2 . This indicates that the actual crossing region should be located around sϳ1.2, and that the statespecific CASSCF IRC is unreliable in this region. The correct IRC, starting from the crossing region with the correct energy and energy gradient, is shown in Fig. 5͑a͒ . Figures  5͑b͒ and 5͑c͒ show smooth geometry variations along the correct 3 AЉ IRC. Now, consider the exit channels, reactions ͑3͒ and ͑4͒. According to previous calculations, 35 1 -B 2 ) in the doublet, quartet, and sextet manifolds. The energies were calculated with the ECP basis sets including polarization and diffuse functions. In each spin symmetry, A 1 and A 2 states are nearly degenerate lowest states. Normal mode analyses for the ͑CASSCF͒ lowest states of each spin symmetry verify that each state corresponds to a minimum on its potential energy surface. Dynamic electron correlation is most important for doublet states. As a result, the doublets ͑A 1 and A 2 ͒ are the lowest in energy at the MR-SDCI level. However, the three sextets, the three quartets, and the three doublets ͑i.e., except for B 2 states͒ are all found to lie within a 10 kcal/mol range. 
B. Reaction energetics
The energetics for the compounds involved in the reaction processes were estimated with the MR-SDCI method using the ECP and AE basis sets. Table VIII shows the relative energies calculated with the ECP basis set at the CASSCF and MR-SDCI levels, both with and without the zero-point vibrational energy ͑ZPE͒ corrections included. These energies are given relative to the corresponding reactant energies (Co ϩ ϩNH 3 ). Table IX shows the corresponding values calculated with the AE basis set. Note that the ZPE corrections employed in Table IX are  the ECP values used in Table VIII . Since the calculations that employ the ECP and AE basis sets are qualitatively similar, although they do differ quantitatively, the following discussion focuses on the more accurate all-electron calculations.
In the first step, the reactants ͑Co In the second step of the reaction sequence, one N-H bond is activated by coordination to Co ϩ are both qualitatively and quantitatively in disagreement with the experimental results, an additional series of calculations was performed for all stationary points at the CASSCF/ECP geometries. These calculations were performed, using the all-electron basis set and the CASSCF active space described previously, by employing the MRMP ͑multireference second order perturbation theory based on the CASSCF wave functions͒ method, 66, 67 in order to explore the method dependence of the theoretical predictions. The MRMP method was chosen for this purpose, because, as noted earlier, many of the stationary points of interest here require a multi-configurational description.
Although the ZPE-corrected MRMP relative energies given in Table X are quantitatively different from the MR-SDCI results discussed in previous paragraphs, there are several qualitative similarities: ͑a͒ The Co-NH 3 binding energies in both triplet and quintet states are predicted to be more than 10 kcal/mol smaller than the experimental value and in good agreement with the earlier MCPF prediction; ͑b͒ The HCoNH 2 ϩ intermediate is predicted to be unstable ͑higher in energy than TS͒ in both triplet states, but quite stable ͑by about 20 kcal/mol͒ in the quintet states; ͑c͒ The transition state in the quintet states is predicted to be more than 59 kcal/mol above the CoNH 3 ϩ complex; ͑d͒ TS in the quintet states is 15-19 kcal/mol above the separated reactant ͑smaller than the MR-SDCI predictions͒; ͑e͒ The Co-N dissociation energies in both triplet and quintet states are predicted to be considerably smaller than the corresponding Co-H dissociation energies, again in disagreement with the experimental observations.
It is difficult a priori to say whether the MRMP or MR- SDCI results are quantitatively more reliable. The former is based on an internally-contracted scheme 65 while the latter is based on a perturbational approach. However, the qualitative predictions are quite similar. Table XI gives total and relative energies of the lowest triplet and quintet states at the stationary points on the CoNH 3 ϩ potential energy surface, calculated with the AEbasis sets by the ͑a͒ MR-SDCI and ͑b͒ MRMP methods. The triplet surface appears to remain below the quintet surface throughout most of the PES, although the two surfaces approach each other very closely near the HCoNH 2 ϩ intermediate and into the dissociation channels. Indeed, the two states appear to cross on the MRMP surface between HCoNH 2 ϩ and the dissociation limit HϩCoNH 2 ϩ .
IV. SUMMARY AND CONCLUSIONS
The reaction mechanism of Co ϩ ϩNH 3 was studied by the CASSCF, MR-SDCI, and MRMP methods with both effective core potential and all-electron methods. First, the reactants yield an ion-molecule complex, tet states are predicted to be considerably smaller than the corresponding Co-H dissociation energies. This is the reverse of the experimental observations. ͑6͒ The triplet surface appears to be below the quintet surface throughout most of the reaction, but the two surfaces are nearly degenerate from the region of the HCoNH 2 ϩ intermediate through the two exit channels to products. In addition, there are several low-lying excited triplet and quintet states along the potential energy surfaces. So, it is possible that two or more electronic states are involved in the process.
In view of the reasonably high levels of theory employed in this work, the level of agreement with theory is somewhat disappointing. One can always identify ways in which the theoretical treatment can be improved. The most obvious ones are further improvements in the all-electron basis set, expansion of the CASSCF active space, and the use of either higher levels of CI excitations or higher orders of perturbation theory.
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